Introduction
DNA transfection is a powerful tool for studying gene functions. There are various methods to introduce exogenous genes into target cells, including Ca 2+ -phosphate precipitation, electroporation, liposome fusion, gene gun, and viral infection. 1, 2 Among these different methods, Ca 2+ -phosphate precipitation remains one of the most popular and cost-effective techniques when transfecting neurons. [3] [4] [5] [6] Neurons are very sensitive cells and easy to die if microenvironment changes. Although liposome fusion and viral infection yield higher transfection rate, they also typically lead to higher neuronal toxicity than the Ca 2+ -phosphate transfection method. 1, 2 In addition, viral infection requires more preparatory work to package viruses, which makes it less attractive to many labs. Ca 2+ -phosphate transfection offers an advantage of low toxicity and being easy to use. 7 However, the transfection rate of the Ca 2+ -phosphate method is usually low, about 1-5% in average. [1] [2] [3] There have been many attempts in various labs to improve the Ca 2+ -phosphate transfection efficiency in neurons. 8, 9 However, the highest efficiency reported so far is 13.5%, 8 far less than other methods such as viral infection, which often reaches more than 40% of transduction efficiency. 10, 11 To increase the transfection rate while maintaining low toxicity is the ultimate goal for every gene transfer method. The low efficiency of Ca 2+ -phosphate transfection has significantly limited its applications, such as in biochemical and electrophysiological analyses of gene functions. Traditionally, Ca 2+ -phosphate transfection has been carried out at high-density neuronal cultures so that a sufficient number of transfected neurons can be obtained even if the overall transfection efficiency is low. 3 However, high-density cultures are not suitable for certain gene functional studies. For example, microisland cultures containing only a single autaptic neuron or a few neurons have been widely used to study molecular and cellular mechanisms of synaptic transmission and synaptic plasticity. [12] [13] [14] [15] [16] [17] [18] With the usually low efficiency of 1-5%, Ca 2+ -phosphate transfection is not suitable for transfecting single autaptic neurons to study gene functions. In order to transfect single autaptic neurons in microisland cultures, the transfection efficiency has to be greatly improved.
Our lab is engaged in studying synapse formation and synaptic protein functions, primarily using microisland cultures of rat hippocampal neurons. We have experimented with various conditions using the Ca 2+ -phosphate transfection method in order to obtain maximal transfection efficiency. We demonstrate that up to 60% transfection efficiency can be obtained using a substantially improved Ca 2+ -phosphate transfection method. The key elements in achieving this high rate are to form precipitate particles of optimal size, and to dissolve the Ca 2+ -phosphate precipitate after transfection. The effectiveness of this improved Ca 2+ -phosphate transfection method has been demonstrated in our recent study of endophilin-calcium channel interactions. 19 
Results
Formation and subsequent dissolution of the DNA/Ca 2+ -phosphate precipitate
Although Ca
2+
-phosphate transfection has been widely used for a long time, the exact mechanism is still not well understood. It is believed that DNA/Ca 2+ -phosphate precipitate enters cells through endocytosis and some DNA molecules further accumulate in the nucleus (Anne Marie Craig). Therefore, the formation of appropriate size of the precipitate is one the critical factors for high transfection efficiency. Previous Ca 2+ -phosphate transfection protocols commonly used in many labs often recommend that the DNA/Ca 2+ solution be thoroughly mixed with phosphate buffer solution by continuous shaking on a vortexer. However, we found that continuous vortexing often resulted in large and unevenly distributed precipitation (Figure 1a) . Instead, gentle and intermittent vortexing helped to form fine precipitation, which evenly covers the whole field ( Figure 1b ). This homogenous layer of precipitation is critical for high transfection efficiency, possibly because it covers the whole cell surface and the precipitate particles have higher probability being endocytosed into cells (see Discussion). The second important factor for transfection efficiency is the incubation time of cells in the presence of DNA/Ca 2+ -phosphate precipitation. Unlike cell lines such as HEK 293 cells, long-term exposure of neurons to the fine precipitation will lead to a high level of cell toxicity. Therefore, it is important to remove the precipitation after certain incubation time. According to previous protocols, including the one recommended by Clontech, the precipitation is usually washed with fresh transfection medium for several times. This wash step was assumed to be sufficient to stop the transfection. However, we found that this simple washing could not adequately remove the precipitate, and some neurons died after transfection. To reduce the cell toxicity, we developed a method to effectively remove the precipitate by exposing the precipitate to a slightly more acidic transfection medium preequilibrated in a 10% CO 2 incubator. Figure  1c illustrates cultured neurons covered with fine and evenly distributed precipitate particles after 1 h incubation in the presence of DNA/Ca 2+ -phosphate precipitate in a 5% CO 2 incubator. Figure 1d demonstrates the successful removal of the precipitate after changing into the acidic transfection medium (preequilibrated in a 10% CO 2 incubator) and incubated for 15 min in the 5% CO 2 incubator.
High transfection efficiency in hippocampal microisland cultures
Since the DNA/Ca 2+ -phosphate precipitate can be effectively removed at any time point, it allowed us to experimentally determine the optimal incubation time for neuronal transfections. We found that 1-3 h incubation time is sufficient for high transfection efficiency while maintaining low cell toxicity. Different plasmids may require different incubation time for best transfections. Figure 2 demonstrates three representative microislands in which a significant proportion of neurons were transfected with EFGP in medium-density cultures. In Figure 2a , 5 out of 6 neurons were transfected. In Figure  2b , 9 out of 12 neurons were transfected. In Figure 2c , the whole microisland contained a total of 22 neurons, among which 17 neurons were transfected, corresponding to B80% transfection efficiency. We counted a total of 211 neurons in that coverslip (represented by Figure 2c ) and 127 transfected neurons were found. The transfection rate was 60.2% for the entire coverslip, far more than the usual 1-5% transfection efficiency reported in the literature. 3, 8, 9 Our routine transfection efficiency usually falls in the range of 25-40% (n410). Typically, the earliest GFP fluorescence signal was observed in cell bodies within 4 h after transfection (dissolving precipitate). The EGFP-transfected hippocampal neurons usually can survive for 7-10 days.
It is important to evaluate whether such a high transfection efficiency is accompanied by high cell death rate. To this end, we performed a series of cell death assay using a cell death kit (LIVE/DEAD s viability/ cytotoxicity kit, Molecular Probes, Eugene, OR, USA). We found that the average cell death rate induced by transfection was 5.570.6% (n ¼ 7). In addition, the cell death rate induced by transfection did not appear to be strongly correlated to the age of cultures (4 -20 days in vitro (DIV)) or plating density (n ¼ 3). Interestingly, very few glial cells were transfected comparing to the number of neurons transfected in our cultures, consistent with previous findings. 9 This is possibly because the monolayer of astrocytes were treated with Ara-c (cytosine-barabinofuranoside, 4 mM) to stop their overproliferation before plating neurons on top of them. It is interesting to note that much more glial cells will be transfected before Ara-C treatment. Therefore, it seems that in addition to stopping glial cell proliferation, Ara-c may also affect the DNA transfection efficiency in glias. To test the glial cell Single neuron gene analysis M Jiang et al death rate, we transfected pure glial culture with EGFP and found the average cell death rate induced by transfection is below 2%.
Single neuron transfection in low-density microisland culture
Microisland cultures containing only a single autaptic neuron have been widely used as a model system for studying molecular and cellular mechanisms of synaptic transmission and plasticity. 13, 14, 16, 19, 20 However, it is extremely difficult to routinely transfect single autaptic neurons because of the low efficiency associated with previous Ca 2+ -phosphate transfection method. Since our improved protocol has dramatically increased the transfection efficiency, transfection of single autaptic neurons has become routine in our lab. One typical example of a single autaptic neuron transfected with GFP-tagged endophilin is shown in Figure 3 . Figure 3a illustrates the phase contrast image and Figure 3b shows the GFP image. To examine whether this transfected neuron was still functional, we loaded the cell with FM 4-64, a styryl dye that has been widely used for studying synaptic vesicle recycling. We found that FM 4-64 was actively taken into synaptic vesicles when applied together with a 40 mM K + solution, which depolarizes cells (Figure 3d ). Additional examples of single autaptic neurons transfected with GFP are demonstrated in Figure 4c and d and Figure 5 . Moreover, the inset in Figure 5d1 illustrates that whole-cell recording of a GFP-transfected single autaptic neuron revealed a mild paired-pulse depression of the excitatory postsynaptic currents (blocked by 10 mM CNQX, not shown). These functional analyses with FM imaging and electrophysiological recording on transfected single autaptic neurons demonstrate that this improved Ca 2+ -phosphate transfection method is an ideal technique to study gene functions in single neurons.
Functional application of high transfection efficiency in low-density microisland culture
Besides transfection of single autaptic neurons, our lowdensity microisland cultures also offer many microislands containing 2-3 neurons, of which 1-2 neurons may be transfected. Figure 4a1 illustrates dual wholecell recording on a pair of adjacent neurons, of which one is transfected with EGFP (top, green) and another nontransfected. Electrical stimulation of the transfected neuron (presynaptic) evoked inhibitory postsynaptic currents, which were blocked by 20 mM bicuculline (not shown), indicating the transfected neuron was GABAergic ( Figure 4a2 ). It also revealed a significant paired-pulse depression of the inhibitory postsynaptic currents. Figure  4b illustrates a pair of neurons both transfected with GFP. Different from traditional dual whole-cell recordings in high-density cultures with low transfection efficiency, our low-density cultures with high transfection efficiency offer a great advantage of reliable synaptic connections between the transfected and non-transfected (or both transfected) pair of neurons. This has greatly improved the experimental efficiency and reduced the variations of synaptic connections among different pairs of neurons.
High efficiency transfection is applicable to different ages of culture
The maturity of neurons is one important factor during transfection. Typically, neurons cultured for 3-10 days were selected for transfection because older neurons are more difficult to be transfected or easy to die. To test whether our improved protocol is useful for transfecting different ages of neurons, we selected a wide range of cultures, from 2 to 82 DIV, for transfection. Single neuron gene analysis M Jiang et al recording of the transfected neuron revealed substantial excitatory postsynaptic currents, which were blocked by 10 mM CNQX (not shown), indicating the neuron being glutamatergic and showing mild paired-pulse depression. The substantial synaptic currents also demonstrate that neurons transfected at 21 DIV are healthy and capable of synaptic transmission, thus suitable for gene function analyses. Even more strikingly, some of our microisland cultures can survive a long time, up to 3 months, and still can be successfully transfected. Figure  5f illustrates an old neuron of 82 DIV transfected with EGFP. Why some cultures can survive much longer than others (usually survive for 1 month) is now under investigation. These experiments demonstrate that our improved Ca 2+ -phosphate transfection protocol is useful for transfecting virtually any age of hippocampal cultures, and hence greatly increases its applicability in a variety of functional studies.
We also applied our transfection method to both lowdensity hippocampal neuronal culture plated on astrocytes and pure neuronal culture (Banker-type culture). For the low-density hippocampal neuronal culture on astrocytes, our method yielded an average transfection efficacy of 25.2% (n ¼ 2). For the Banker-type culture, the average transfection efficacy is 21.6% (n ¼ 2).
High transfection efficiency achieved with different constructs
To further demonstrate that our protocol is suitable for expressing different exogenous genes rather than EGFP alone, we transfected hippocampal neurons in mediumdensity cultures with EGFP-Rab3A (Figure 6a ), EGFP-VAMP (Figure 6b ) and EGFP-CREB (Figure 6c) . Note a significantly different expressing pattern among these three proteins. Rab3A and VAMP are presynaptic proteins that play important roles in regulating the docking and fusion of synaptic vesicles. 21, 22 Therefore, GFP-fused Rab3A and VAMP had a puncta-like distribution pattern along axons, although they also existed in soma and dendrites probably due to overexpressing of the proteins. On the other hand, CREB (cAMP response element binding protein) is a transcription factor and CREB-dependent gene expression is critical for a variety of cellular functions in the central nervous system. 23 As shown in Figure 6c , GFP-CREB fusion protein localized specifically to the nucleus, as expected, demonstrating that it was correctly targeted following expression. In addition, Figure 6a illustrates that seven out of seven neurons in this field were successfully transfected with GFP-Rab3A, suggesting that our improved protocol is applicable for expressing a variety of exogenous genes with high transfection efficiency.
Discussion
This study demonstrated a greatly improved Ca 2+ -phosphate transfection method that dramatically increases the transfection efficiency up to 60%. Our modifications have overcome the major disadvantage of previous Ca 2+ -phosphate transfection method in terms of low transfection efficiency (1-5%). With such a high transfection efficiency and low cell toxicity, we expect In order to achieve the highest transfection efficiency, we found the most critical factor is to form optimal size of DNA/Ca 2+ -phosphate coprecipitate particles. Although it is still not clear why cDNA can enter cells through this co-precipitation method, it is generally believed that the precipitate particles are endocytosed into cells. If so, it is sensible that particles too large in size may not be effectively endocytosed. On the other hand, particles too small in size may not be a sufficient stimulus to activate an endocytic response. The optimal size of precipitate particles may be in the range of 1-3 mm. However, we would like to caution that this observed 1-3 mm particles might simply be the 'apparent size'. The real 'effective size' particles that are endocytosed into cells can be smaller. In addition to an optimal size, the precipitate should also be formed homogenously to cover the whole field. Speculatively, there Single neuron gene analysis M Jiang et al could be some 'hot spot' for endocytosis to take place on cell surface. 24 If precipitate particles happen to fall on or nearby the hot-spot area, the cell may likely be transfected. A homogenous snow-like cover of the precipitate will ensure the maximal likelihood of DNAcontaining precipitate particles encountering putative endocytic spots.
A second critical factor of this improved protocol is to dissolve the coprecipitate after certain incubation time. While a snow-like cover of precipitate all over the cell surface is desirable for high transfection efficiency, it was also found to cause cell death after a long-term incubation. One possible reason is that continuous endocytosis of the DNA/Ca 2+ -phosphate coprecipitate particles may result into excessive accumulation of Ca 2+ -phosphate inside the cell and trigger cell death. Therefore, to reduce cell toxicity, it is vital to dissolve the coprecipitate to stop its accumulation inside the cells. After trying various methods to change the pH of the transfection medium aiming at dissolving the precipitate, we found the best way to achieve this goal with minimal cell toxicity is to preincubate the transfection medium in a 10% CO 2 incubator for at least 2-4 h to make it slightly acidic than the normal transfection medium equilibrated in a 5% CO 2 incubator. For those who culture their cells and carry out transfections in an incubator with CO 2 level higher or lower than 5%, they should consider dissolving the precipitate by preequilibrating the transfection medium in an incubator with correspondingly higher or lower than 10% CO 2 level. It is important to point out that when using acidic medium to dissolve the precipitate, the cells should be placed in the 5% CO 2 incubator rather than the 10% CO 2 incubator. Neurons do not survive very well in the 10% CO 2 incubator if they are normally maintained in a 5% CO 2 incubator. Therefore, the acidic transfection medium preequilibrated in a 10% CO 2 incubator will reequilibrate in the 5% CO 2 incubator while it gradually dissolves the precipitate. By the end of 15-20 min incubation, the pH value will be close to the original one, which is certainly less harmful than placing neurons in a 10% CO 2 incubator. 
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It is also worth of emphasizing that it is important to save the original culture medium before starting the transfection procedure. The reason is obvious that after the stress of transfection, cells will probably recover much faster if returned to their original culture medium. We found this step to be pivotal to maintain low cell toxicity. If neurons are cultured on coverslips, we prefer to transfer the coverslips to a new container (Petri dish or 24-well plate, etc.) to complete the whole transfection procedure and then return the coverslips back to their original environment. This transfection will keep the cell toxicity at a minimal level.
Traditionally, pH is a critical factor in forming appropriate Ca 2+ -phosphate precipitation. We have been using Clontech CalPhost kit to do the transfection and found it very reliable in forming the right size of precipitation if gently vortexed. This kit has saved our time by avoiding the need to prepare and test a series of phosphate buffered saline solutions in order to determine which one works best.
We have demonstrated that with high transfection efficiency, we are able to routinely transfect single autaptic neurons in microisland cultures. Recently, Cline and colleagues developed a novel single-cell electroporation method to transfer genes to single neurons. 25 Compared to our method, their technique has an advantage of selecting a target neuron to do gene transfer. However, the disadvantage of the single-cell electroporation method is more laborious and expensive. Our improved Ca 2+ -phosphate transfection method offers a simple, inexpensive, but very efficient way to transfect a number of single autaptic neurons. Typically, we can easily get 3-8 transfected single autaptic neurons per 12 mm round coverslip. Therefore, this improved Ca 2+ -phosphate transfection method offers a great opportunity for gene analysis in single neurons.
Materials and methods

Cell culture
Hippocampal microisland cultures were prepared from newborn Sprague-Dawley rats (1-2 day postnatal) as described. 13, 16, 18 In brief, the hippocampal CA1-CA3 region was dissected out and incubated for 30 min in 0.05% trypsin-EDTA solution (pH 7.2). After enzyme treatment, tissue blocks were gently triturated with a fire-polished Pasteur pipette. Dissociated cells were plated onto a monolayer of astrocytes grown on microislands, which were constructed by spraying 0.4 mM poly-D-lysine and 0.25 mM collagen onto dried thin layer of agarose on 12 mm round glass coverslips. Some lowdensity cultures were prepared by plating neurons on a monolayer of astrocytes without microislands. For Banker-type of culture, neurons were directly plated on poly-D-lysine/collagen-coated glass coverslips and turned upside-down to face a monolayer of astrocytes. 26 The coverslips reside in 24-well plates. The culture medium contained 500 ml of MEM (GIBCO), 5% FBS (HyClone), 10 ml of B-27 supplement (GIBCO), 100 mg of NaHCO 3 , a1 b1 c1 a2 b2 c2 Single neuron gene analysis M Jiang et al 20 mM D-glucose, 0.5 mM L-glutamine, and 25 U/ml penicillin-streptomycin (GIBCO). Cells were maintained in a 5% CO 2 culture incubator at 371C.
Transfection
Hippocampal microisland cultures were transfected with EGFP (Clontech) or GFP-tagged cDNA plasmids using a substantially modified Ca 2+ -phosphate transfection method from the Clontech CalPhost transfection protocol.
The detailed procedures are as the following:
Step 1. Transfer selected coverslips containing microisland cultures from their original well to a new 24-well plate with 0.5 ml prewarmed transfection medium, which is similar to the culture medium except that it is serum free. Return both the original and the new plate to the incubator.
Step 2. Prepare the DNA/Ca 2+ -phosphate precipitate using Clontech CalPhost Mammalian Transfection Kit (BD Bioscience, Palo Alto, CA, USA), according to the instruction. Typically, we use about 1 mg cDNA, 3.1 ml 2 M CaCl 2 , and 25 ml 2 Â HBS solutions (after adjusted with H 2 O, the total volume is 50 ml) per 12 mm round coverslip for transfection. One important modification of the procedure is that when mixing solution A (cDNACa 2+ -H 2 O) with solution B (2 Â HBS), add about 1/8 volume of solution A at a time into solution B by quickly pipetting several times and gently vortexing for only 2-3 s (VWR MV1 mini vortexer, speed at 600 rpm). The mixed solution will be kept at room temperature for 20 min without any further vortexing to form fine particles of precipitate.
Step 3. Add the DNA/Ca 2+ -phosphate suspension solution dropwise to each coverslip (50 ml/coverslip). Then, incubate cells in the presence of the precipitate for 1 to 3 h in 5% CO 2 culture incubator at 371C. At the end of incubation, if examined under a microscope, the precipitate should be homogenous and look like a cover of snow all over the field (see Figure 1b and c) .
Step 4. After incubation, the precipitate should be dissolved to reduce cell toxicity, which is achieved by incubating the precipitate with transfection medium preequilibrated in a 10% CO 2 incubator for 15-20 min. It is important to note that the transfection plate, after adding the 10% CO 2 -equilibrated medium, should be returned to 5% CO 2 incubator rather than the 10% CO 2 incubator. We found a higher level of toxicity if the neurons were placed into 10% CO 2 incubator. Under microscopic examination at the end of 15-20 min incubation, the precipitate should largely disappear.
Step 5. Transfer the transfected coverslips back to their original wells containing the original culture medium. This will keep the cell toxicity to a minimal level.
EGFP and GFP-CREB plasmids were from Clontech. GFP-endophilin was a gift from Dr Jifang Zhang (University of Pennsylvania). GFP-VAMP was a gift from Dr Richard Scheller (Genetech). GFP-Rab3A was a gift from Dr Ronald Holz (University of Michigan).
Electrophysiology
Whole-cell recordings were performed by using Multiclamp 700A patch-clamp amplifiers (Axon Instruments, Foster City, CA, USA). Patch pipettes were pulled from borosilicate glass (Warner, Connecticut) and fire-polished with a microforge (Narishige, Japan). Bath solution contained 128 mM NaCl, 30 mM D-glucose, 25 mM HEPES, 5 mM KCl, 2 mM CaCl 2 , and 1 mM MgCl 2 (pH 7.3, adjusted with NaOH). Pipette solution contained 147 mM KCl, 5 mM Na 2 -phosphocreatine, 2 mM EGTA, 10 mM HEPES, 4 mM MgATP, and 0.5 mM Na 2 GTP (pH 7.3, adjusted with KOH). Data were acquired with pCLAMP 9 software, sampled at 10 kHz, and filtered at 1 kHz (Axon Instruments).
FM Imaging
Imaging experiments were performed on a Zeiss inverted microscope (Axiovert 200) equipped with an ORCA-ER CCD camera (Hamamatsu, Japan) and DG-5 fast wavelength switcher (Sutter Inc., CA, USA). Fluorescence images were acquired with Simple PCI imaging software (Compix Inc., Pittsburg), and processed with Photoshop. Coverslips were stained in bath solution containing 10 mM FM 4-64 and 40 mM KCl solution for 2 min. After collecting FM staining images, neurons were subjected to destaining in 40 mM KCl solution for 6 min. Images obtained after destaining were used for background subtraction.
